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ABSTRACT
Experimental investigations have been carried out to 
determine the effects of non-magnetic inclusions on the 
technically important magnetic properties, the coercive 
field and the initial permeability of OC-iron. An attempt 
has been made to derive a quantitative relation between the 
magnetic properties and structural defects.
The results are discussed in the light of the theory 
of ferromagnetic hysteresis.
ii.
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CHAPTER I 
INTRODUCTION
In the study of ferro-magnetic hysteresis, the coercive 
field and the initial permeability of the materials have great 
importance. Many theories have been developed in an attempt 
to understand these properties quantitatively and to relate 
them to the microscopic structure of the material. It is a 
well known fact that these properties are associated with the 
Bloch wall movement.
The fundamental phenomena of magnetization, i.e. the 
Bloch wall movement and the rotation of the spin direction 
etc., are strongly affected by lattice disturbances such as 
stresses, impurities and inclusions in these materials.
In the present work, inclusions were introduced in«-Fe 
by precipitation and coagulation of copper in super-saturated 
Fe-Cu alloys.
The behavior of the coercive field and the initial per­
meability of the material have been studied in the presence 
of such inclusions.
The first portion of this work deals with the theory of 
ferromagnetic hysteresis, the nature of the coercive field 
and the initial permeability of the materials, and the effect 
of the distribution, shape and size of the inclusions on these 
properties.
1
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER II 
THEORY AND LITERATURE REVIEW
The atomic origins of magnetism are generally under­
stood to be the orbital motion and the spin of electrons.
Materials have various magnetic properties due to their 
different electronic configurations and they can be classified 
under the following headings:
(i) Diamagnetism
(ii) Paramagnetism
(iii) Ferromagnetism, anti'f erromagnetism, ferrimagnetism. 
All of these phenomena are discussed extensively in literature. 
Due to its importance to this work, the ferromagnetic pheno­
menon will be further discussed.
THE PHENOMENON OF FERROMAGNETISM:
Ferromagnetism results from a strong interaction of spin 
alignment in various magnetic domains separated by domain walls 
in the absence of an external magnetizing field and each domain 
is spontaneously magnetized in an easy direction of magnetiza­
tion of the crystal structure.
The domains are so arranged that the net effect of spon­
taneous magnetization of the whole piece of material is zero. 
The spin arrangement is disturbed by increasing temperature 
due to thermal agitation; therefore, the saturation magnetiza­
tion is temperature dependent. Above the Curie point, the 
susceptibility of the magnetic material obeys the Curie-Weiss
2
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Law. The presence of saturation magnetization and hysteresis 
are important features in ferromagnetism,
THEORY OF FERROMAGNETISM:
(1),(2)
2.1 Quantum Theory:
Ferromagnetism is the result of an ordered alignment of
atomic magnetic moments, and there are two possible origins
of the atomic magnetic moments. One is the orbital motion of
the electron and the other is the spin of the electron. A
simple model of an atom contains an electron moving around
its nucleus with an angular velocity w . Due to the motion
of this electron which makes “ revolutions per second,
2 7r
. a current - e (ampere) is produced where -e is the elect-
2 ir
ronic charge. The magnetic moment due to this current may be 
written as:
M = ~ fJio e co Ur^) = -V2 fJ.Qe r^ __________ (2.1.1)
when T  is the radius of the orbit in which the electron ise
mpving and f l 0 is the permeability of the vacuum. The angular
momentum of the circular motion is:
P = m«r^ (2.1.2)
e
where m is the mass of an electron.
Using (2.1.2) in (2.1.1)
M = - hLo eP ________________ _^____________(2.1.3)
2m
According to the quantum theory, an electron can move in any
orbit where it satisfies the relation
P = nti  _______________________________ (2.1.4)
where'fi = _h and h is the Planck constant, n is an integer, 
277
1.2,.....
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4Using (2.1.4) in (2.1.3)
(2.1.5)
M =-nM
B
(2.1.6)
where ** called the Bohr magneton.
B 2m
Thus, according to (2.1.6), the magnetic moment of the 
orbital motion can change its value by integral multiples 
of Mg units.
In the case of angular moment for spin motion;
m
because the electron spins around its own axis with an
angular m o m e n t u m - ^  . The most general relation for
2 . 
magnetic moment may be written as
M = - eal r p ------- — --- 12-1-*)
will give-the magnetic moment for orbi-tal motion 
when g=l and for spin motion when g=2.
The factor "g" is called.the "gyromagntic ratio". The value 
of "g" could be found by two methods: ( (l) gyromagnetic
experiment; (2) ferromagnetic resonance. Hence, one could 
find which mechanism is responsible for jerroraagnetfsm .in: -> 
a material.
The magnetic moment of a free atom which contains 
many electrons is given:
where J is the resultant total 'angular momentum, due to
spin-orbit interaction. J can have values 0, 1, 3,..,.
2
(2.1.7)
M - -g M J 
* B
(2.1.9)
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5From quantum mechanical treatment,
q = 1 + J(J+1) + S(S+1) - L(L+1) (2.1.10)
2JTJ+T)
where S is the resultant spin-vector
L is the resultant orbital-vector.
When L = 0 J = S
i.e. J is only due to spin motion.
V .  g = 2
When S = 0 J = L
i.e. J is only due to orbital motion
In ferromagnetic materials, g has approximately the value of 2.
Hence the ferromagnetic phenomenon is due to spin motion of 
the electrons and not to their orbital motion. Therefore, 
any change of magnetization in a ferromagnetic material will 
change only the electrons' spin directions and not their orbits. 
The orbits of the electrons are also slightly orientated be­
cause the "g" measured for iron is approximately 1.94, 
cobalt 1.85, nickel 1.90 from^the gyromagnetic effect experiment.
Generally the contribution of the orbital magnetic 
moment which is almost quenched by the crystalline field 
produced by the surrounding atoms in ferromagnetic materials, may
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6not be quenched in the free atoms of some ferromagnetic 
materials such as rare earth metals. Therefore ferromag-' 
netism will be due to both spin and orbital magnetic 
moments.
(2),-(3),(*)
2.2. WEISS THEORY 0? FERROK/vGHETISIi
This theory has been derived, to some extent, from
the Langevin theory of paramagnetism, which states that 
each atom or molecule has a magnetic moment which aligns 
itself parallel to the direction of the applied field. 
Thermal agitation opposes this alignment of magnetic mo­
ments. According to the Langevin theory, a field of the 
order 10^0e will be required to cause saturation magneti­
zation in ferromagnetic materials, while in practice the 
maximum field is of the order 10 Oe.
This contradiction was explained by Weiss who stated 
that in ferromagnetic materials there is an intermolecule.r 
field which is proportional to the degree'of magnetization. 
. . the total field inside the material is
H t = Ha+<JI (2.2.1)
I = intensity of magnetization
Ha= applied field
N .- molecular field constant
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
According to the Langevin theory of paramagnetism, a 
relation between the intensity of magnetization of a para­
magnetic substance and the applied field H q is given by:
I = Is BjCOC) ____________________________(2.2.2)
where the Brillouin function
B T(0t)=2J+l coth 2J+loc- 1 coth a  
J 2J 2J 2J 2J
oc = ffla _ gMBJHa (2.2.2a)
rr t t
and K is Boltzmann's constant.
When J = i.e. for the spin dipole moment of a single uncom­
pensated electron, the Brillouin function reduces to
B ( OC )= tanh (a)  (2.2.3)
For ferromagnetic material one can write (2.2.2) as,
1- = tanh (a)  (2.2.4)
s
where M(H +NI)
CX = --- §------------------  (2.2.2a)
& T
The molecular field in the case of ferromagnetic materials
is much greater than any applied field:
when H = 0 and ^  MNI 
a u  —
T I* I
spon = tanh spon/ s _____________ (2.2.5)
is Ve
where ISp0n is the spontaneous magnetization due to the 
molecular field.
(2.2.5) shows that below the Curie temperature, the intensity 
of magnetization has a definite value even for H =0.
Theoretical values from (2.2.5) and experimental values show 
a fair agreement (Fig.2.2.1).
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Ferromagnetism above the Curie Temperature:
All ferromagnetic materials exhibit paramagnetism above 
the Curie temperature 0 : as I falls to zero at temperature©, 
the internal field also falls to zero.
The application of an external field above the Curie tempera­
ture 0 results in a small paramagnetic induction; and the ex­
change interaction’s contribution to an internal molecular field 
NI will not be large as compared to Ha as in the case below the 
Curie temperature. The first term of the Brillouin function 
in the series expansion will be sufficient in (2.2.2) and, 
using (2.2.2a) we get -
1 =  J+l « = (j+l)gMB (Ha+Nl) ________ _ ( 2 . 2 . 6 )
s 3J 3 ]Tt
For a volume susceptibility x we can write:
x = 1 =  C (2.2.7)
Ha TT0 :
where C = IggMg(j+l)
- 3 1
arid 0 = NC .
The Curie Weiss Law (2.2.7) shows a straight line when 1
x
is expressed as a function of temperature with an intercept 
at temperature © , where 0 is the Curie temperature.
The observed behavior for iron, nickel and cobalt is 
shown in Figure (2.2.2). There is good agreement between 
the theory and the observed values except near the Curie 
point.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9t.o
0.0
0.0
0.7
Q U A N T U M  N U M B E R , 
J  *= CD
IRO NCO
M 0.0
co
a
CO
0.0
COBALT, NICKEL -
w 0.4
0.3
0.2
0.1
O 0.1 0.2 0.3 0.4 0.5 0.0 0.7 1.00.6 0.9
Absolute Temperature T 
Curie Temperature 0 
Fig.2.2.1 - T h e  variation of the reduced magnetizations of iron, 
_____________ cobalt and nickel with reduced temperature.__________
1000
900
BOO
N IC K E L
700
600
IR O N
600
400
X 300
200
COBALT
100
300 400 600 600 700 600 900 I0C0 1100 I2C0 1300 1400 1600
Temperature °C ------—
Fig.2.2.2 - The variation of the reciprocal of volume susceptibility 
of iron, cobalt and nickel with temperature.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 0
2.5 DOHAIK THEORY:
i
The objection to both the quantum theory and the Weiss 
field theory is that the ferromagnetic material must show 
magnetism without an applied external field. This objec­
tion is not valid, since these materials could exist in 
the unmagnetized state. The problem is solved by the
Domain theory which states that a ferromagnetic material
/
contains many small magnetic domains, called Weiss regions 
and these domains are so arranged in the ferromagnetic 
material that the net effect of the magnetic moment of the 
entire piece is zero in the absence of an external field. 
Each domain by itself is spontaneously magnetized in the 
direction of the preferred magnetization of the crystal 
when an external field is applied, the domains, having 
spontaneous magnetization in the direction of the applied 
field, are enlarged at the expense of the others so that 
a resultant magnetic moment is obtained.
The domain size varies for different materials depen­
ding on the impurities present and their physical nature. 
Each domain contains all of the spins aligned in a parti­
cular easy direction of magnetization of the material to 
minimize anisotropy energy, and is separated by boundaries 
called Bloch walls.
Domain walls can be further classified as 180° walls, 
in which the spins rotate 180° from one domain to the other, 
rnd as 90° walls, in which the spins rotate approximately 90
t
as shown in figure (2.5*1)*
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180 walls 90°walls 90°walls
Fig.2.3.1 - Different kinds of magnetic domain boundaries,
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The domain walls could be shifted by applying an ex- . 
ternal field. The application of weak fields shifts the 
domain boundaries temporarily, i.e., the boundaries regain 
their original position on removal of the applied field. How­
ever, the application of strong fields permanently shifts the 
domain walls from their original positions. Still stronger 
fields cause these domains to rotate and align themselves in 
the direction of the field.
Figure (2.3.2) shows the effect of external fields on 
the magnetization of a magnetic material in the three stages 
described above in the areas marked I,II and III. The process 
of magnetization in the initial stages occurs in steps called 
Barkhausen jumps, where the domain walls move under the influ­
ence of the applied field. However, these jumps in a multiple 
domain material are such that the resulting curve appears to be 
continuous. The presence of impurities or stresses etc. in 
ferromagnetic materials strongly affect the movement of the 
Bloch wall. The coercive field and the initial permeability, 
which are properties of technical interest,are associated with 
the Bloch wall movement and hence are affected by impurities, 
inclusions or stresses present in ferromagnetic materials. This 
will be discussed in detail in the following text.
2.4 GENERAL THEORIES OF THE INITIAL PERMEABILITY AND THE 
COERCIVE FIELD: (l)
It is understood that the initial permeability is related 
to the reversible movement of the domain walls, and the coercive 
field is related to the irreversible movement of the domain walls 
for any ferromagnetic material.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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slope= f-LII
rem
Fig.2.3.2 - Hysteresis loop
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission
14
2.4 (a) Reversible magnetic domain wall displacement
and the Initial permeability:
Consider that a plane domain wall is displaced in non-uniform 
material and the energy of the wall per unit area is Ew . 
changes with the wall displacement along x as in figure
E
w
x0 x -
Fig.2.4.1 - Domain wall energy vs the position of the wall.
When no external field is applied, the wall stays at some 
minimum pt. xQ in figure (2.4.1), where the energy gradient 
is zero.
1,e* . aEw = 0 (2.4.1)
^ 3 r  -----------------------------
The energy of the wall near the stable point in the first 
approximation is:
E = ^ « x 2__ ____________  (2.4.2)
w
where a is curvature of potential valley.
The energy supplied by the external magnetic field H in a 
direction which makes an angle $ with I , as in figure
3
(2.4.2), may be written as:
Epj = - 2  Is H(cscl>)x _________ (2.4.3)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Is
H
Fig.2.4.2 - Displacement of a 180° wall.
When a 180° wall is displaced by x, the result is a change
in the magnetization of the wall as 21 x,per unit area of theO
wall. The domain wall always keeps its total energy to a minimum.
Jw ' J = u ___________________(2.4.4)H i  = S(ew+eh ) = 0
dx
d (^«x2-2IsH( cs 4> )x) = 0
___
ax-21 Hcs4> = 0  
s
x = 21 cs<i>Hs
a
(2.4.5)
The magnetization in the direction of the field increases by 
21 (cst)x due to wall displacement so that the total magneti- 
zation of the wall per unit volume is given by
2 2 
I = 41. c s / SH (2.4.6)
a
where S is the total area of the 180 wall per unit volume.
the initial susceptibility is:
X i  = I = 41 2cs$ S 1 rr sH a
(2.4.7)
Fora cubic structure such as iron,for a positive anisotropy constant
2
K^, the average of cosine of the angles between the directions 
of the various dipoles and that of the applied magnetic field H 
is equal to 1/3.
= 4IS2 S _____________________________ (2.4.8)
180 3a
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1 6
The initial permeability could be calculated by
= 1+Xi ______________________________ (2.4.9)
Kondorsky proposed that the origin of internal stress was 
responsible for the fluctuation of wall e ner9Y* Kersten 
developed the relation for by assuming the sinusoidal 
variation of internal stress.
o~ *=. crn c s 2 r rx ________________________(2.4.10)
J
where £ is the wavelength of the spatial variation of internal 
stress. For K = K,-3
may be written as:
  \ cr CS277- x and
b 2 o N J 
'$
y  = (j^cs27T |xj\ bhe values of ZL and S for (2.4.8)
JU  *
CL = 27rX £ o S   (2.4.11) •
3 1S = j    (2.4.12)
assuming that the internal stress fluctuates in x,y,z dire­
ctions, where §  is the Block wall thickness.
= surface energy of the wall; \  = magnetostriction 
constant; A = exchange energy constant.
. .(2.4.8) could be written
- “ 2Is I   ;__________(2.4.13)
, 180 s
In (2.4.13), the initial susceptibility decreases with a de­
crease of £  . For ' £ <  ^(2.4.13) is not valid and for / - &  , 
the initial susceptibility takes the minimum value:
^180° = 21 s    (2.4.14)
V 2XO~o
(2.4.13) gives- nearly the same value, if susceptibility is 
considered due to rotation magnetization caused by stress,
^ i o t  = 2Ig /9\p-_____________________________ (2.4.15)
In a similar way, one can calculate the initial susceptibility 
Ki o rii oil ,K'pmpnt of the 90° wal 1  ^^ •
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'  3 a
for the equal distribution of 90° walls over four possible 
orientations, i.e. < 110> . . .
Considering the stress of the sinusoidal nature, the values 
of OC and S for (2.4.16) is
a  - 3 11 ^ 100 ________________(2.4.17)
S = 6  •_________ (2.4.18)
i  r i
assuming that internal tension changes in all ^10
directions. X  is the saturation magnetostriction;
«
. . (2.4.16) may be written:
X  2
90° = 4Is (2.4.19)
3 TT-fc O'
For negative
Xi 21 2 , .
90° = s ____________ (2.4.20)
37r Xincr
The relations (2.4.19) and (2.4.20) give nearly the same 
value foiX^90o. The theoretical values calculated for iron 
and the measured values are in fair agreement
(b) Reversible domain wall displacement (in the pre­
sence of nonmagnetic inclusions) and the initial permeability:
(6)
For A-he first time Kersten consfd'ered the reversible wall dis­
placement in the presence of the nonmagnetic inclusions•in- 
which he postulated that the domain w a n  sticks to th.e~nonr- 
• magnetic inclusions and thus the-wail area and the?
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wall energy are reduced. When an external field is applied, 
the wall is displaced and its area and energy are increased. 
He calculated the initial permeability and the coercive field 
in this theory.
. (7)
Due to Neel's theory of free poles and internal strain 
which are responsible for the restoring force on the Bloch 
wall, K e r s t e n ^  modified his previous assumptions and cal­
culated the initial permeability by the assumption of the 
flexibility of domain walls.
r "
H
Fig.2.4.3 - An expanded 180° wall under the action of a magnetic
o field.
Consider that the 180 wall is fixed at both ends as in
figure (2.4.3). Let the application of a field H be in the
d i r e c t i o n a s  in the figure and the area S of the wall be
displaced through distance x.
Then the work done by the field is given by:
W = -21 H(cs$)Sx  __________________ (2.4.21)b
Pressure exerted on the wall:*
P = -1 JTW _ 21 Hcs$ ____________ (2.4.22)
s a x  s
Due to this pressure, the wall is bent in a cylindrical 
shape as shown in figure (2.4.3). The radius of curvature
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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of the wall could be related to H as:
7  = 2! Hcs <I>  (2.4.23)
r s
where is the surface energy of the wall.
The change in volume of the positive magnetization domain.
Av = 2/3/ hx  i----------------- (2.4.24)
where h and I  are shown in figure (2.4.3).
. '. the increase in magnetization is
I = 4/3 Ic(cs$)Sx ---------------- (2.4.25)
Using the geometrical relation:
x a |2   (2.4.26)
8r
Substituting x in (2.4.25) from (2.4.26), and using 
(2.4.23), the relation (2.4.25) may be written as
• I = S^2Is2 (c s24>)H ---------------------- (2.4.27)
3 y
For all easy directions, cs^,= 1/3, the susceptibility 
is calculated as {X. = I/h),
^il80° = S180° I 2  I 2 _ _ _______ (2.4.28)
9/180°
Similarly X i9Qo = SgQ0 f  ^   (2.4.29)
18 790°
If it is assumed that the inclusions are distributed at the cor­
ners of a simple cubic lattice with lattice constant/ ,
o (1)then the total area of the 180 wall may be written as :
S = 2; X  = 21 2 / '_____________ (2.4.30)
 ^ . ~ 9 y ~
In the case of iron, the permeability could be explained
by this mechanism.
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(c ) Irreversible magnetic dona in wall displacement and the 
coercive field.
Consider a plane Bloch wall which moves to the right and its
energy changes as in figure (2.4.4).
x
Fig.2.4.4 - Variation of the wall energy as a function of 
the displacement of the wall.
The application of an external field K will exert a pressure 
P as in (2.A.22) , i.e. , P = 2 Igh cs <*>
The wall will he displaced from position ^  to x-j , 
where SEW = p = 2 ISH cs & ______ (2.4.31).
If the maximum gradient of the wall energy is at x a  further 
increase of the field will result in an irreversible displa­
cement of the wall, taking the wall to X2 or x^.
Therefore the critical value of H,where the wall would take 
an irreversible displacement , can be given:
H 0   (2.4.32).
2 Isds <t> \ d x/ max
If the initial internal stress is sinusoidal in nature as 
(2.^ .10), then,
= 2 tt\ oo8  (2.4.33)
\  o x  /  max  j  — :----
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where 5  is the Bloch wall thickness. Since the Bloch wall
does not change in area,
~ y  , (2.4.32) becomes
H0 = 17 ^  ^  S  (2.4.34)
Iscs
The maximum value of H0 is found' for 3  =  &
H c = (H o ) m a x =  V  X  .5 °   (2.4.35)
IgCS <J>
The value of the coercive field obtained from (2.4.35) agrees 
favourably with values obtained for various materials after 
they were being deformed^ \
(d) Irreversible magnetic domain wall displacement 
and the coercive field: (Foreign body theory).
Assume that the wall is fixed a.t. two ends_ and could be expanded 
by. the application of an external field a's in figure (2.4.5).
iN\  N  N  
! \ \ \  \ ’
! i i • N '
•  . M  ■ \  t
l\ *~c V da.-*- -.— ►£> 
17/ ; '
! ! /  /  /  .
Fig.2.4.5 -.Reversible and irreversible expansion of a wall. 
The radius of the curvature of the wall is given by (2.4.23).
In this relation r should decrease as H increases. In figure
»
(2.4.5), curves a,b,and c show the positions of the wall with
increasing applied field. For curve c, which is a semi-circle,
r = ^. Further increase in the applied field causes further 
2
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expansion in the wall area so that the radius of curvature 
starts to increase M / 2 )  and the wall expansion is discontinuous. 
The critical value of field Hq could be obtained by substituting 
the minimum value of r = — in (2.4.23) and we get
H°iso° ■ i  --------(2-4-36)
and similarly for a 90° wall:
H o90° = y  ____________________(2.4.37)
Is i CSlJ“
If the binding force at the fixed points is very strong, the 
coercive field will be determined by the surface tension of 
the wall, independent of■the manner of constraint. If the 
binding force is not very strong, the wall will leave the 
fixed points (i.e. non-magnetic inclusions, etc..) before 
expanding to the shape where r = ^  ,as indicated by the shape 
c in figure (2.4.6).
(o)
Using this model, Kersten explained the coercive 
field (H ) of iron-nickel alloy and the .temperature de- 
pendence of the coercive field (Hc ) for iron. In his ori­
ginal paper, he considered dislocations to be fixed points 
in the development of the above theory.
Dijkstra and W e r t ^ ^  have given a theory for the 
coercive field in the case of spherical non-magnetic in­
clusions (iron-carbide) in c l iron. The coercive field is 
considered to be due to two effects: (l) the surface tension 
of the Bloch wall and (2) the internal magnetic poles. The 
coercive field, according to this theory and their experimental 
work, depends on both the total volume fraction of inclusions
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and the state of dispersion. A rise in the coercive field 
could be explained by the surface tension effect of the 
Bloch wall. The maximum of the coercive field is reached 
when the diameter of the precipitate reaches (Bloch
wall thickness). The coercive field then begins to 
decrease because of the creation of internal magnetic poles 
around the inclusions, thereby producing secondary domains 
and the surface tension of the Bloch wall being no longer 
dominant.
The latest experimental results and theory developed
01)
for the coercive field are given by Qureshi in the case
of non-magnetic inclusions (copper).
The coercive field was found to follow the relation:
log In C ^max__________  = n log t_n log T ________ (2.4.38)
A (Hc)max “ A (Hc)t
A (Hr ) is the maximum increase in H0 at the given c max c ^
annealing temperature;
A ( H r ), is the rise in coercive field after 
t
annealing duration(t)at a given temperature.
^ 4. 4.  ^ X-  ^ . (13) (14) (15)n and T  are constants as defined in
The relation (2.4.38) has been derived from the kinetics
pf precipitation ^ ^ ^ ^ ^ u n c l e r  the assumption that A ( H r )
r c max
is reached when a non-magnetic phase is precipitated. No 
theory has been proposed for the initial permeability which 
has been found to decrease by about 80% of its initial value 
in its very early stages and then to remain constant.
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Although his assumption of the proportionality of
a (h c) to the total amount of precipitate was violated 
max
by his own experimental investigations in that coagulation 
followed the complete precipitation of the copper in his 
alloys, the shape of the precipitate particles was found 
to be the same as expected for (2.4.38). He also measured 
the size, the distance between any two particles and the 
number of particles microscopically for various time 
intervals at different temperatures.
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CHAPTER III 
EXPERIMENTAL PROCEDURE
Specimens were cut from sheets of 0.022 cm. and
0.032 cm. thickness of Fe-2.02% Cu and Fe-1.56% Cu alloys 
respectively. The specimens were 120 mm. long and 15 mm. 
wide. These specimens were annealed at a temperature of
8 6 5 ^ for about 10 hours in a hydrogen atmosphere to bring
. . .  (32)
the copper into perfect solution with iron and to re­
lieve the specimens of any other stresses.
After heat treatment at a temperature of 865°C, 
these specimens were quenched at the end of the tube furnace and 
cooled externally by a copper coil through which cold water 
circulated. It is assumed that the structural state of an 
alloy, heat treated at any particular temperature, is pre­
served when quenched in this manner. These specimens were 
aged at 755°, 775°, 795° and 810°C for various durations 
and the coercive field and initial permeability measured at 
various stages of precipitation. The selection of these 
temperatures was made in order to decrease the time for 
precipitation and coagulation of the precipitate particles, 
to achieve the maximum of the coercive field in a mini­
mum period, and to study the behaviour of H beyond its 
maximum. The initial permeability was also measured in
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parallel to these investigations. Fe-1.0% Cu, Fe-2.02% Cu, 
Fe-3,0% Cu alloys were heat treated in hydrogen atmosphere, 
for 6 hours at 900°C and then aged for 12 hours at 700°C 
to get the supersaturated copper precipitated. The be­
haviour of the coercive field of these alloys, was studied as a 
'.function of temperature.
All the observations of the coercive field and the 
initial permeability of the isothermal heat treatments were 
made at room temperature. The initial permeability was 
measured by a ballistic galvanometer. The coercive field 
was measured using Foster’s coercimeter. • .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER IV 
RESULTS AND DISCUSSION
The ratio of the coercive field (H ) at various time
intervals during aging to its initial value (H ) and thec o
ratio of the initial permeability ( at various time 
intervals to its initial value ( F%)o have been plotted 
for different temperatures as functions of annealing du­
ration (t).
Figures (4.1) and (4.2) represent these results for 
Fe-2.02% Cu, Fe-1,56% Cu alloys respectively. It is evi­
dent in the case of both alloys that the coercive field gra­
dually increases ter its maximum value and then starts de­
creasing after (Hc) with annealing duration.
max ■
The drop in initial permeability during annealing is
much faster as compared to the increase in the coercive 
field. Figures (4.1) and (4.2) show that in the initial 
stages, while the coercive field shows hardly any change, 
the initial permeability has decreased to about 80% of 
its value within a few minutes.
It is further noted that the initial permeability 
increases after reaching its minimum value after longer 
heat treatments at higher temperature as in figure (4.1).
To our knowledge this behaviour of j. h a s  not been pre­
viously reported in literature.
27
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The coercive field (Hc ) and initial permeability (f^)
are both structure sensitive properties and are affected by
disturbances in the matrix. In the case of the Fe-Cu alloys
the predominant disturbance is the non-ferromagnetic copper
precipitate in iron. The alloys in the quenched state have
all the available copper in solution (maximum solubility of
' '  (12) ocopper in iron is 2.14 atomic %. at .865 C.) By aging the alloys at 
lower temperatures, the super-saturated amount of copper 
precipitates in fine particles-»which hinder the wall movement.
The kinetics of precipitation have been explained by
(13 ) (14 ) (15 ) (16 ) (17) 
various authors . The theoretical treatment
in literature is usually based on the assumption that a fixed
number of nucleation sites are available in the form of
cavities, dislocations, etc. ... and the precipitating phase
builds nuclei during the very initial stage of precipitation.
Thefienuclei grow in size during annealing and the matrix
gets gradually depleted of the precipitating phase as the
process of precipitation proceeds.
(13 ) (14) (15)
We refer to the treatment of Wert and Zener 
for the kinetics of precipitation, in which the following 
assumptions were made:
(1) The growth of precipitate takes place due to 
diffusion.
(2) The total number of precipitate particles remains 
constant at a certain annealing temperature.
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(3) The concentration of the precipitating phase in 
the matrix is small.
There theoretical treatment leads to the relation:
n
A C (t) = 1-exp. 
C (o)
- ft (4.1)
Where A ~ concentration of precipitated phase after
time (t)
^(o) = concentration of the total amount of pre­
cipitate after extremely long heat treatment (t ■*~oo) at a 
given temperature.
In an attempt to interpret our results on the basis of 
this theory of precipitation we assume that the rise in 
coercive'field-is proportional to the amount of the preci­
pitate in equation (4»l). We further assume that the initial 
' value of coercive field in the Fe-Cu alloys is due to internal 
stresses and dislocation etc* Thus, according to equation 
(4.1), the coercive field is expected to follow
109 ln A(H^)maX- a (Hc ) ~ " 103 t ' n l03T ------(4-2)
c max c t
at all stages, of precipitation.
Relation (2.4.38) has been derived with the assumption
that A (Hc)^. proportional to the volume of precipitated 
#
copper at various time intervals and A (H ) is proportional
max
to the precipitation of all the super-saturated copper.
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Figure (4.3) shows that the slope of the lines drawn 
using equation (4.2) is the same in the case of both the 
alloys.
(13), (14 )(15)
Vv'ert and Zener have interpreted the slope,
(i.e. the exponent n in equation (4.1)) as an indication of 
the shape of the precipitate particles. In the present 
case with n=l, we would expect a needle-shaped precipitate.
The results in figure (4.3) have been obtained by as­
suming that the rise in the coercive field is proportional 
to the volume of copper precipitated. However, it has been 
reported in literature that in the case of Fe-Cu alloys with 
small amounts of copper, the super-saturated amount of copper
f TO ^
precipitates completely in the very early stages of annealing'
In the later stages of annealing, the process of coagulation 
takes place and some of the particles grow at the expense of 
others. The annealing time .required for the first stage,
i.e. complete precipitation of the surplus copper,is a function 
of the annealing temperature and decreases as the temperature 
increases.
During the first stage of precipitation, the coercive 
field hardly changes from, its original value. It is during 
the process of coagulation that the coercive field increases 
appreciably and after achieving a maximum starts to decrease 
slowly. This means that our assumption of the proportionality 
of A Hc to the precipitated volume of copper is not valid in 
this case. In spite of this discrepancy, it is interesting
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to observe that the Hc results follow a similar pattern as
those predicted by the theoretical consideration of Wert and 
(13 ),(14 ) (15)
Zener . This is shown by figure (4.3) when
straight lines of slope n are obtained. That the coercive 
field is not affected by the precipitate in the early stages 
of annealing may be quantitatively explained in the following 
words: In the initial stages, the particles of the preci­
pitate are extremely large in number and of very small size 
and are randomly distributed in the matrix. The Bloch wall, 
though tending to stick to the impurities, finds closely 
packed distribution of impurities everywhere inside the 
material and therefore can easily shift from one position 
to the other. It seems that the mobility of the Bloch wall 
is not affected tf? an appreciable degree before the copper inc­
lusions achieve a critical size.
(9 )
The theory put forward by Kersten has the under­
lying assumption of a regular distribution of the precipitate 
particles at the corners of a cubic lattice. For the case 
when the size of the inclusions is smaller than the Bloch 
wall thickness, he derives the following relation for the 
maxima of the coercive field:
(Hc^ = constant v ^ ^  (4.3)max ----------------
t
where v is the total volume of the precipitated phase in the 
matrix. Fig. (4.4) shows the maxima of the coercive field 
obtained in our experimental results. Also results from 
literature ^8)(19) on peQu have been included in the
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Values from experiments
Values from literature
10
Hc
max
E-ig.4.4 - Maximum coercive field as a 
function of copper atomic 
percentage in Fe-Cu alloys.
0.3 0.5 1.0 2 105
-------------------- A  Cu%
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figure (4.4). The experimental results give a liner pro­
portionality between (Hc ) Qncj volume of the preci-
maxrp /o
pitate rather than Hc  v relation as proposed by Kersten.(9)
max
The discrepancy may be due to the simplicity of Kersten’s 
model while in fact the precipitate particles are randomly 
distributed. It seems that for the same volume of the pre­
cipitate the Bloch wall will include a larger number of pre­
cipitate particles if th-ey are randomly distributed than if 
they lie in the . simplified way on which Kersten’s model is ,•
based.This causes a larger reduction in thetmobility of the wall.
Kersten's theory predicts a m a x i m u m  of the coercive 
field when the diameter of the impurity reaches the size of
the Bloch wall thickness. This has also been reported by
(10)
Djkstra and Wert in the case of the irdncarbide pre­
cipitate in iron. Therefore, we assume that the maximum of 
the coercive field in otir investigations also occur when the 
d= S  . For d > §  the coercive field values drop.
The behaviour of the initial permeability j~ i s  some­
what difficult to explain in the light of the present theo­
retical statements. It is obvious that f-l is highly sensi­
tive to minute traces of impurities and therefore the rapid 
drop in its value is obtained in the early 1 ;■ stages of 
precipitation. The initial permeability is defined as the 
ratio between the magnetic induction B and the magnetizing
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field intensity H in the Rayleigh region of the magnetization 
curve. We can again offer a qualititative explanation: Due
to the extremely large number of the precipitate particles, ' 
the Bloch wall movement may be irreversible in the initial 
stages of precipitation. After long duration of aging, the 
number of precipitate particles decrease due to coagulation 
and the Bloch wall sticks to larger particles located farther 
apart. In such a case the magnetization in the initial stages 
with the application of small external fields becomes reversible 
again and this rnay also be the reason for a rise in f-L ^ after 
considerable aging.
TEMPERATURE DEPENDENCE OF THE COERCIVE FIELD:
Figure (4.5) shows the temperature dependence of coercive
field. The coercive field of Fe-Cu alloys drops steadily with
rising temperature up to the Curie point. The theoretical
(19)
statement of Kersten . shows that the coercive field is a
function of temperature dependent factor as K^,
Hc = constant V/ (T)  (4.4)
We have drawn the theoretically expected behaviour of lb side 
by side with the results obtained in our experiments and find 
a certain degree of agreement.'. The fact that the Hc 
in our experiments does not drop as fast as \J  K-^  may be due 
to continuous coagulation during the experiment when the 
measurements were taken, thus raising the value of the Hc »
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CHAPTER V 
CONCLUSIONS
1. Magnetic properties of soft ferromagnetic materials are 
affected adversely by the presence of non-magnetic 
inclusions.
2. The diffusion process is accelerated at higher tempera­
tures which is obvious from the rapid change in the 
magnetic properties.
3. Technically important properties in soft ferromagnetic 
materials are the coercive field and the initial per­
meability. The effect of very small microscopic in­
clusions is negligible on the coercive field while the 
initial permeability is more sensitive to them.
4. In practical cases, one would expect a deterioration of 
the magnetic properties of devices using soft ferro­
magnetic materials having impurities initially in solu­
tion, due to aging in high temperature climates of the 
world. For example, carbon initially in solution may 
precipitate in transformer sheet steel in transformers 
used in high temperature climates of the world.
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Appendix I
Ca3 cuIotions of the initial permeability and other 
noccssary ca1culations:
Charge passing through the galvanometer due to magnetic 
flux + <$> to - cj> .
Q = 2N4) = K Q  
R z
* ’ <P = K2R 6   _ ( i )
2N
Where K2 = galvanometer sensitivity factor (9xl0~ m.coulomb/m.m.
0 deflection (m.meter)
R = total resistance of the circuit (52 ohms)
N = number of turns in the secondary coil (4000)
Magnetic flux through the circuit if a uniform magnetic field 
exists along it.
= BxA = M,, H. A. __________(ii)
Where jIL = relative permeability of the material
r -7
M 0 = permeability of the vacuum (4 7T 10 henry/meter)
A = cross-sectional area of the specimen 
By using (i) and (ii),
= k2r  e
2N fjiQ H A
M£ = 2.lxlO-4 0
Thickness of each specimen (1A,2A,3A and 4A) = .032 cm. 
Thickness of each specimen (1B,2B,3B and 4B) = .022 cm. 
Atomic percentage of copper in lA,2A,3A,and 4A = 1.56 
Atomic percentage of copper in lB,2B,3B,and 4B = 2.02
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TABLE 1a
Measurements of the coercive field in an isothermal heat 
treatment of specimens 1A and 1B at temperature 735°C
for various time intervals______________ *____ _____________
| ; Sample ; Sample
i Sample IB 1A >
; H (oe) Mean Valu I-'ean Valu
Time
in
Minutes
Sample 1A 
Hc (oe)
Initial I 
Value )
0 Ii
0.387 \
r>
0.387 I <
0.420 j 
0.420 j
O.69
0.68
| 0.732
i
j 0.733
I
2  !}
I1
0.430 j
i
0.438 ]
i
0.440 ;
i
0.^42 j
0.728
0.718
j 0.720 
! 0.7121i
i
1 0.455 | 0.455 j 0.750 1 0.745
5 0.455 ji 0.455 jI
i
0.748 j 0.742
0.457 | 0.465 0.825 ! 0.820
i
10 0.457 j 0.465
i
0.825 j 0.820
20
- - 1
0.530 si
1
0.525 ! 0.996 1 0.986
I
0.532 j 0.525 0.998 ! 0.986
50 0.678 1 0.678 1 .460 ; 1.446
0.678 j 0.678 1.464 ; 1.458
100
0.766
. i
0.763
0.755
0.762
1.560
1.560
; 1 • 560 
1 1.560
200
0.824
0.824
0.822
0.822
1.640
.
1.640
: 1.640 
j 1 .640
500
i
I
0.785..
0.785
1
0.785
0.785
1.706 
1.700
it
; 1 .70
I
| 1.706
I
i
jO.726, 0.732 . 1.670 : 1.650
i
! 1000 ! 0.728 
|
0.728 ! 1.668
I
1 .648
t 1 I ________
of JHC ( oe) of ...!IC (oe)
i
0.403 ! 0.708
0.432
0.455
0.461
0.528
! 0.678
! 0.761
i 0.823
0.728
0.719
0.746
0.8225
0.991
1.457
1 .560
1.640
v!
I 0.785 ; 1.703
1.659
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i TABLE 1b
Measurement of the initial permeability in an iso­
thermal heat treatment of specimens1A and IB at 
'temperature 755°C for various time intervals.
Time
in
Kinutes
Current
m . amp .
.
Cu 1.5 = 
Deflec­
tion 
Gin mm
Gu 2;i 
Deflec­
tion 
9 i n 'mm
Cu 1.5%
Initial
■.Permeabi
li.'tflv.X
Cu 2>o 
Initial ; 
-Permeabi 
lity( y ]L
: Initial 
Value 
0
i
0> 5 
1 .0
2.0
5.25 
11.25 
24.5 ;
i
2.50
5.25
10.75
. .  ^
; 492
t .
I
i!
334
.
■
:
0 5
1 .0
2.0
4.50
9.50 
20.0 j
2.00 
4 .25 
9.50
-
416 270
I 5
0.5 
1 .0 
2.0
3.50
7.25
15.5
i
1.0
2.5
5.5
317
ii
159
10
0.5 
1 .0 
2.0
2.75 ’ 
6.00 
13-00
1.25
2.5
262 79
20
0.5 
1.0 
2.0
1.25 •
2.75
5.5
.75 
1.50
t!
120
i
■
48 j
50
0.5 
1.0 
2.0
1.75
3.75
.75
1.50
76 48
100
0.5 
1.0 
2.0
1.75
.3-75
.75 
1.50
76
■
48
200
0.5 
1 .0 
2.0
2.0
4.0
” 75
1.5
87 48
500
0.5 
1 .0 
2.0
2.0
4.0
.75 
1.50
•
87 48
i 1000
1
I
0.5 
1.0 
2.0
2.5
5.0
1
2 109
64
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TABLE 2a 'j
Measurements of the coercive field in an isothermal heat 
treatment of specimens 2A and 2B at temperature 775 C for ; 
various time intervals.
Time
in
minutes
Sample 2A 
H (oe)
Sample 2B
H (oe) 
c
Sain pi e2n Sam ol e 23 
Kean Kean j 
Value of Value of 
H-(oe) Hc (oe) i
Initial 0.398 
Value
0.385 0.700 i  0.695
|0.391 j 0.698
0 0.399 0.382 | 0.703 0.695 I
1
j
2
5 i
0.445
,
0.440 
0.'!30 ~ 
0.428
0.420
0.430
'07420
0.430
; 0.710
; 0.698 
T  0.732"
I
i 0.728
0.695 i
j
0.695 | 
”0 . 7 4 ^ 51
0.745 |
i
0.434 j
1
i
i- - - - - - - - - - - - - 1
0.427 j
' i
0.699
0.737
10
•
:•
0.445 . 
0.423
0.435
0.430
! 0.845?i
‘ 0.830
!
SCM 
l/\ 
KN 
CM 
CO 
CO
i 
* 
*
; Ci 
O
>
.  1
0.434 ijt
0.833
20
0.450 H 
0.444
0.425
0.421
j  .1 .1 10 “
i
■; 1.110
i
'  1.O94 “
:
1.094
■•
i
0.435 1l
1!
!
1 .102
0.452 0.426 ! 1.310 1.292 !
. .. -i
50
0.455 0.431
it
| 1.310 1 .292
0.441
j
it
1 .301
0.455 i 0.441 I 1.354 1.326 1;
100 0.447 1.340
0.450 0.442 ; 1.354t 1 1.326
0.462 i  0.462 : 1.450 1 .460
200
0.468 ;  0.465 j 1.436 1 .436
0.464 1.446
0.485 0.495 1.430 :  1.390 ‘  ‘  ' T. . . . . . . .
500
0.485 0.495 ; 1.420
!
I
i
| 1.384
0.^90 1 .406
: 0.480 : 0.495 I 1.280 : 1 . 24 0
i  1000 ; ■ *0.487 1 .258
I I0.478 '0.406 1 .270i ! 1 .242i
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| TABLE 2b
jMeasurement of the initial permeability in an iso- . 
'thermal heat treatment of specimens 2A and 2B at 
<temperature 775 C for various time intervals.
Time Cu 1 .5.5 Cu 2.1 Cu 1 .5,5 Cu 25
m Current Deflect­-Deflec- Initial ; Initial
|Einutes B.ano. ion 9 t i on 0 1 ernes, hi-Permeab-*-
I in ran. in mm. lity («0lility (»■).
• Initial 0.5 9.0 3.25
... ...1 .... ~..; l
1 Value 1 .0 18.25 6.75 ! 798 429 :
| 0
\
2.0 59.0 i4.o ; t!
!
• 0.5 7.25 2.5
; 1.0 15.0 5.25 656 334 |
1 2 I
!
2.0
' 32.5
11.0
r
! 0.5 5.75 1 .25 I 1
! 5 1 .0 11.75 3.0 | 5141
1 2.0 26.0 6.5 :
190 j
. ~ 1
0.5 4.5 —
t
ii
10 1.0 9.5 1.5 416 95 !
2.0 20 3.0 ii
0.5 4.25 ! --- i
20 1.0 8.5 1.0 372 64 J
]
i
2.0 17.5 2.0 j i|
t
50 0.5 3.75
I iJ\
I 1.0 7.75 1 .0 339 64 j
!
i... .. 2.0 16.0 2.0 \
i; 0.5 —  3V5 — --- it
1 .0 7.25 1.0 317 64 ]
100 2.0 15.0 2.25 !i
i
0.5 6.25 ___ • ii 1
200 1.0 6.75 1.25 295 1 79 I
2.0 13.75 2.5 ! !
0.5 3.5 i i
500 1.0 7.25 1.25 317 j 79 !
2.0 15.0 2.5 I !I
. 0.5 ’ 3.5 .
; 1000 1 .0 7.5 1.5 328 95
1
2.0 15.5 3.0
! _________ _________ .... .. ......_ ____ _________
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TABLE 3a
Measurements of the coercive field in an isothermal heat 
treatment of specimens 3A and 3B at temperature 795°C for 
various time intervals.
Time
in
1 iinutes
I
Sample 3A 
H (oe)
!' c
Sample 3B 
Hc (oe)
i
Sample 3A Sample 33 
Mean Value Mean VaLu 
of H (oe) of H (oec f - C :
Initial j 0.377 ! 0.387
Value j i
0 | 0.385 | 0.382 
! i
0.695
0.695
0.720
0.720
0.382
j
0.707
j 0.390
2
0.390
i
0.3 0
i
0.405
0.735
0.720
0.705
0.720
0.393 0.720
5 0.390
0.391
0.400
0.397
0.804
0.800
i
0.797 !
| 0.394 
0.797 j
0.799
10
0.400 ! 0.420 
0.391 | 0.420
1 .008 
1.010
0.954 |
j 0.407 
0.944 ;
0.979
20
0.410
0.400
.........
0.410
0.415
1 .220 
1 .210
1 .180 
1 .1 90
0.408 1 .200
50
0.385
0.376
0.382
0.387
1 .200 
1 .260
1 .250 
1 .250
0.382 1.247
100
0.385
0.380
0.370
0.375
1.264 j 1.250
J
1.270 ! 1.240j
0.377 1 .256
200 0.375
0.375
0.365
0.362
1 .264 | 1.260
t
1.274 ! 1.260
0.369 1.264
500 0.350
0.350
0.340
0.340
1.120 I 1.136
<
1.130 | 1.130
0.345 1.129
1000
.295
.295
.312
..305
1.010 ] 
1 .010
0.990
0.990
0.300 1 .000
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j TABLE 3b
.Measurement of the initial permeability in an isothermal 
|heat treatment of specimens 3A and 3B at temperature 795°C 
ifor various time intervals.
i _ ..... ...
i
Time 
an
i Cu 1 . 3y> ' Cu 2/o Cu 1.3A Cu
Current ideflectionDeflection Initial j Initial
Minutes
L_ _ _ _ _ _ _ _ _ j
: Initial 
Value 
0
m • amp •
|
0.5 
1 .0
2.0
0 in mm. |
i
ll I75
33.0
0 in mm. :
........ j
3.0
6.25
13.0
Permeabi­
lity .(./*.) i  j
689
Permeal
lity ( MJ 
398
ro
l
0.5 
1 .0 
2.0
6
12.75
27.p
2.5
5.0
11.5
558 318
i
I 5
i
)
i _ _____ _ _
0.5 
1.0 
2.0
5.25 
11.0 
23.5
1 .0 
2.0 
4.5
481 127
!
)
|  10 
i
0.5 
1 .0 
2.0
5.25 
11.25 
24.0
1 -25 
2.5
492 79
I
20
0.5 
1 .0 
2.0
5.0
10.75
22.5
1
2
470 64
50
i
0.5 
1.0 
2.0
4.5
9.75
20.5
1 .25 
2.5.
426 79
100
i
0.5 
1.0 
2.Q
5.5 
I 11.75 
! 25.5
1 .25
2.5
514 79
200 0.5 
1.0 
i 2.0
I
5.5 
! 11.75 
24.5
1.5
3..0
514 95
500
j 0/5 
! 1.0 
; 2.0
6.0 
; 12.75
i 28
1.75 
3.5
;
| 558
j
i
113
1000
! 0.5 
1.0 
; 2.0
8.5 
18.25 
; 40,0
1
2.25
4.5
I 798
i
i
143
_  _ _ _ _ _ _ _ _ _ _ _ ^  _ _______ _ _ ' . _.. _ ___ . ________ _ _ --------
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TABLE * a j
Measurements of the coercive field in an isothermal heat 
treatment of specimens 4A and 4B at temperature 810°C for ;
various time intervals. '
Sample 4A Sample 4B
Mean \&Lue MeanVSue
Time
in
Limit e:
Initial
Value
0
Sample 4A
H (oe) 
c
Sample 4B 
H (oe)
0.*25
0.425
0.425
c
0.680
of H (oe) of H (pe)
0.425 i 0.690
10
20
50
100
200
500
1000
0.440
0.450
0.429
0.428
0.410
0.410
0.415
0.416
0.403
0.405
0.385
0.388
0.352
0.350
0.312
0 . 3 1 8
0.310
0.302
0.450
0.450
0.422
0.426
0.424
0.430
0.402
0.410
0.393
0.403
0.732 
0.726
0.880
0.882
0.960
0.950
0.732
_0.733
0.729
0.725
0.895
0.893
0.962
0.955
0.400
0.400
1.000] 0.970
I
0.980 |0.980
1.040 j 
!
1.040 !
>•
0.940 ;
|
0.941 i
0.350
0.348
0.321
0.320
0.303
0.310
0.933
0.931
0.770
0.770
1 .020 
1 .020 
0.942 
0.940 
0.910 
0 .920
0.780
0.785
0.730 : 0.710
i
0.730 ; 0.725
0 . 4 2 5
i
i
0 . 7 0 8  j
0 . 4 4 7 0 . 7 2 9
|
0 . 4 2 6 0 . 8 8 7
0 . 4 1 8  ;
I
0 . 9 5 5
i
0 . 4 1 0  !
i
. |
0 . 9 8 2
0 . 4 0 1  !
1
}
1  . 0 3 0
!
;
1 0 . 3 9 3 0 . 9 4 0
j 0 . 3 2 5 0 . 9 2 3
i 0 . 3 1 7 0 . 7 7 6
0 . 3 0 7 0 . 7 2 3
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TABLE 4b
Measurement of the initial permeability in an isothermal 
heat treatment of specimens 4a and 4b at temperature 810°C 
for various time intervals.
Tine
Cu 1.5/0 Cu 2,o 
Deflect- 'ial
in I 
Minutes
Current i
m.amp. j
ion 0  ^
in mm.|
.on 0
.in mm.
Permeabi-.Permeabi- . 
lity(M|nty (M-)i
Initial
Value
0
0.5 I 
1 .0 I
2.0 Irt
I
12
25 Ii
5.75
10.75
525 j 366
2 ;
0.5 I 
1.0
2.0 j
8.5 ! 
18.0
5.75
10.75
372 ;
!
!
207
5 ; 0.5 j
1.0 I
2.0 i*... j.
8.5 ! 
18.25
1.25
..2.25___
j
372 |
Ji
79 ;
i
I
10 I
i
!
0.5 I 
1 .o ; 
2.0 ;
!
9.5 ! 
20.0 j
1
2.25
416 64 i
|
20 | 
i
if
0.5 j
1.0 I
2.0 j}
i
10.5 !
22.5 |
1.25 
2.5
459
i!
79
60 j
0.5 I
1.0 I
2.0 I
('
10.75
23.0
1.25 
2.5
470 79
ii
100
0.5 * 1 
•1.0 ; 
2.0 j
i
12.25
26.5
7 X
3.0
536 95
200
0.5 
1 .0 
2.0
12.25
26.75
j
1.75 
3.5
536 113
500 0.5
1.0
2.0
14.75
32.5
2.0
4.0
645 127
1000
0.5 
1.0 
2.0
15.75 
. 55.5
2.25
4.75
689 143
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49
Temperature dependence of the coercive field for Fe-Cu alloys
Temp.
°C
1% Cu 
^c(oe)
2.02% Cu 
Hc (oe)
3% Cu 
Hc (oe
°7 1.14 2.875 4.475
50 . 1.10 2.815 4.360
100 1.07 2.70 4.20
150 1.02 2.55 4.00
200 0.97 2.45 3.80
250 0.91 2.325 3.65
300 0.86 2.230 3.50
350 0.80 2.10 3.30
400 i 0.75 2.00 3.15
450 0.69 1.90 2.95
500 0.65 1.82 2.75
550 0.62 1.75 2.475
600 0.567 1.61 . 2.100
650 0.495 1.42 1.66
700 0.370 1.10 1.26
750 0.167 0.52 0.53
800 0.000 0.000 0.000
7° 1.030 2.100 3.200
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NOMENCLATURE
A Exchange energy constant. Crossectional area of the
specimen.
B Magnetic induction (B , remanence or residual3 rem
induction).
CQ Concentration of precipitated phase after extremely
long heat treatment (t— *^c'°) at a given temperature. 
A  C/ v Concentration of precipitated phase after time(t) at a
given temperature.
E^ Energy supplied by an external magnetic field H.
Eyy Energy of the magnetic domain wall per unit area.
H Magnetic field strength. (Ha , applied field; Hc,
coercive field; Hq , critical value of H where the 
wall would take an irreversible displacement; H^ ., 
total field inside the material).
^ M a x i m u m  increase in H at given annealing  ^ max c ^ ^
temperature.
A ( H c )t Rise in Hc after annealing duration(t) at a given 
temperature.
I Intensity of magnetization (lg, saturation intensity
of magnetization at 0°K; Igp0n> spontaneous 
magnetization).
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J Quantum number. Resultant total angular momentum.
K Crystal anisotropy constant. first crystalline
anisotropy constant; K^, galvanometer sensitivity 
factor).
L Orbital quantum number.(L, resultant orbital vector).
M Magnetic moment. (Mg> Bohr magneton).
N Molecular field constant. Number of turns in the
secondary coil.of the permeability measurement core.
P Angular momentum. Pressure exerted on the magnetic
domain wall-. ,
Q Charge through galvanometer.
S Total area of the magnetic domain wall. Spin quantum
number (S , resultant spin vector).
T Temperature(Kelvin);(T° ,
o
temperature centigrade).
W Work done by the magnetic fields
d Diameter of precipitate.
e ' Charge of an electron.
g Gyromagnetic ratio.
h Planck constant.
Boltzmann constant.
1 Wave length of the spatial variation of internal
stress.* Lattice constant.
m Mass of an electron.
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n An .integer. Constant which determines the shape of
the precipitate, 
r Radius of curvature of the magnetic domain wall.
(rg, radius of an electronic orbit), 
v Total volume of the precipitated phase.
A v  Change in the volume of a magnetic domain,
x Displacement along x axis.
Curvature of potential valley inside the material. 
*Y Surface energy of the magnetic domain wall.
S  Bloch wall thickness.
0  Deflection.
^  Magnetostriction constant. Magnetostriction
1r \r \ \>/v111 ’
m; nr-pa
111 ).
cons can c i or cue Girecriou 
striction constant for the direction 
Initial permeability. permeability of vacuum;
relative permeability of the material). 
e Curie temperature.
CT Stress inside the material.
T  Time constant depending on CQ .
‘i5 Angle between direction of H and direction of I .s
Magnetic flux.
X  Volume susceptibility.
W  Angular velocity of an electron.
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